Energy dissipation rates during ocean wave breaking are estimated from high-resolution profiles of turbulent velocities collected within 1 m of the surface. The velocity profiles are obtained from a pulse-coherent acoustic Doppler sonar on a wave-following platform, termed a Surface Wave Instrument Float with Tracking, or 'SWIFT', and the dissipation rates are estimated from the structure function of the velocity profiles. The purpose of the SWIFT is to maintain a constant range to the time-varying surface and thereby observe the turbulence in breaking crests (i.e., above the mean still water level). The Lagrangian quality is also useful to pre-filter wave orbital motions and mean currents from the velocity measurements, which are limited in magnitude by phase-wrapping in the coherent Doppler processing. Field testing and examples from both offshore whitecaps and nearshore surf breaking are presented.
Introduction
ocean to observe wave breaking and air-sea exchange (Graber et al. 2000; Pascal et al. 2011) .
are consistent with fixed ADCP observations (not shown). Wind drag causes the SWIFTs (z = 0) and the Aquadopp pressure gage (also sampled a 4 Hz) is used to correct for any which is similar to actual distance to the surface, is the minimum value that can be used.
153
The velocity data are quality-controlled using a minimum pulse correlation value of c > 50
154
(out of 100) and a minimum backscatter amplitude a > 30 counts, which were empirically 155 determined to be the maximum values associated with spurious points and with bins out analysis (i.e., no interpolation). At worst, the quality control ratio of points removed to 172 total points is 1:2, or half of the data in a given burst. At Duck, the burst data outside 173 of the surf zone include a brief period (∼ 20 s) with the instrument out of the water for 174 repositioning, and this results in a much higher quality control ratio (i.e., more points are 175 removed from the velocity data prior to processing). Even in these cases with significant 176 data removal, there are at least 512 profiles remaining with which to determine the average 177 structure of the turbulence. More often, the quality control ratio is less than 1:10.
178
The velocity data also are quality-controlled by examining the Extended Velocity Range
179
(EVR) data in the HR mode, which uses a second, shorter pulse lag to obtain a wider velocity EVR data also is useful to evaluate quality-control via coherence and amplitude thresholds 184 (i.e., for data within the velocity range, points with low correlations c or amplitudes a should 185 be the only points that do not compare well). For the Duck measurements shown in Figure 2 , there is improved agreement between the profile data and the extended velocity range 187 (EVR) data for velocity measurements above the chosen correlation cutoff c > 50 (panels e 188 and f). For the Lake Washington measurements shown in Figure 3 , there is no significant 189 difference in the EVR agreement for quality-controlled data (panels e and f).
190
The pulse-coherent measurements from the Aquadopp HR do not have a nominal Doppler 191 uncertainty, or 'noise', value. Zedel et al. (1996) show that noise is a function of the coherence 192 of each pulse pair, as well as sampling parameters (i.e., rate, number of bins) that control 
196
(1996) for a correlation c = 50. Since this is the minimum correlation used, the actual σ u 197 of a burst is likely to be less than this. This noise is large compared with more common 198 measurements of turbulent flows; however, the noise can be isolated in the processing of 199 turbulent spatial structures. In practice, the noise is not prescribed, but rather is retained 
Methods
The SWIFT drifters are designed to make in situ observations of velocity u that can be 213 decomposed as
whereū is the time mean drift velocity measured by the changing GPS positions,ũ are 215 the wave orbital velocities measured by the phase-resolving GPS velocities, and u are the five-minute bursts for processing, and notation will be used to denote burst ensembles.
221
Overbars will be used for burst-averaged quantities. For example, the SWIFT GPS velocities quantities must assume homogeneity over this scale, which may be a poor assumption in a 227 region of rapidly evolving waves (e.g., the surfzone).
228
The wave-following behavior of the SWIFTs, which separates wave orbital velocitiesũ 229 from turbulent fluctuations u , is essential to the estimates of wave spectra and turbulent 230 dissipation rates, respectively. These quantities, and the quality of wave-following, are de-231 scribed in the following sub-sections.
232
a. Frequency spectra, S(f )
233
Frequency spectra S(f ) are used to evaluate the motion of the SWIFT and to quantify 234 the wave conditions. Spectra for each five-minute burst are calculated as the ensemble and at the period of the waves. The weak response at wind sea frequencies (0.4 to 0.5 Hz)
244
indicates some rotation and tilting during wave-following. However, the more prominent 245 signals are the trends caused by shifting winds and surface currents (i.e., low frequencies).
246
These platform motions shift the entire Aquadopp profile u (z) with an offset ∆u θ , which 247 has a negligible affect of the structure of u (z) − u (z + r).
248
Spectra from the Aquadopp pressure data (i.e., relative distance below the surface), 
255
In contrast, the SWIFT horizontal velocity data from the phase-resolving GPS contain 256 the wave orbital motions relative to the earth reference frame. Following Herbers et al.
257
(2012), the wave orbital velocity spectra Sũũ(f )df = (u −ū) 2 is used to estimate the 258 underlying wave conditions. The scalar wave height spectra S ηη (f ) can be calculated from 
280
The velocity differences (i.e., the turbulence) along a profile are much less susceptible 281 to motion contamination, because platform motion contaminates the entire profile (i.e., an 282 offset). Thus, spectra of velocity differences at selected points along the profile are used to 
where z is the vertical location beneath the free surface, r is the along-beam lag distance 
where the first term is the original lag distance r 0 , the second term is the correction for heave are consistent with a cascade of turbulent kinetic energy from large to small eddies.
329
In terms of wavenumber k, the energy in a cascade of isotropic eddies is expected to 
where an A is determined for each z using MATLAB's robust fit algorithm and N is an energy is dissipated (next section). The correlation coefficients for these examples are greater than 0.8 at all level z levels, which is typical over all test bursts (not shown).
341
The offset N is expected to be 2σ function is the related to the dissipation rate by
where C v is a constant equal to 1. For each example, the profiles are well-resolved and decrease away from the surface at z=0.
367
Dissipation rates are increased during breaking (Figures 6d & 7d) , especially near the surface.
368
The dissipation rate profile¯ (z) can be integrated to obtain the total dissipation rate per 369 unit surface area,
where ρ w is the density of water and thus E has units of W/m 2 . The depth-integrated dissi- near-surface profiles of wave-resolved dissipation rates captured the full evolution of break-381 ing turbulence within z < 0.6 m. The uncertainties σ ± are summed in Eq. 6 to obtain 382 asymmetric uncertainties in the 'total' dissipation, σ E± .
383
Finally, the Lake Washington deployments, another method to estimate the dissipa- 
408
(1997), such that pixels sizes and locations are corrected for distortion and perspective. 
414
The crest-length distribution by speed, Λ(c), is not estimated, because the pixel resolution is insufficient over the larger areas needed to observe crest propagation.
Results

417
In this section the methods are applied to all burst data collected during testing, and the 418 results are aggregated to assess spatial patterns, dynamic range, and sensitivity. The 
445
In contrast, the noise in the structure function fits does not increase along the fetch (panel wave-breaking turbulence (as opposed to diffusion).
470
The frequency of breaking and the 'total' dissipation rates observed at the Duck FRF ofĒ from SWIFTs and may better able to observe the full dynamic range.
503
The frequency of breaking and 'total' dissipation rates observed on Lake WA can be 504 compared to a simple budgets for wind forcing. Under equilibrium conditions (i.e., steady-505 state, fetch-limited wave field), the frequency of breaking is controlled by the wave steepness 506 at the peak of the spectrum, and the wind input rate W equals the 'total' dissipation rate
507Ē
. Assuming a nearly constant peak period, the frequency of breaking is then expected to Example raw SWIFT burst data collected in deep water on Lake Washington.
707
The left panels show moderate-breaking conditions at a short fetch distance, 
